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We report new measurements of the doubly-polarized photodisintegration of 3He at an incident
photon energy of 16.5 MeV, carried out at the High Intensity γ-ray Source (HIγS) facility located
at Triangle Universities Nuclear Laboratory (TUNL). The spin-dependent double-differential cross
sections and the contribution from the three–body channel to the Gerasimov-Drell-Hearn (GDH)
integrand were extracted and compared with the state-of-the-art three–body calculations. The
calculations, which include the Coulomb interaction and are in good agreement with the results of
previous measurements at 12.8 and 14.7 MeV, can no longer describe the cross section results at 16.5
MeV. The GDH integrand was found to be about one standard deviation larger than the maximum
value predicted by the theories.
PACS numbers: 24.70.+s, 25.10.+s, 25.20.Dc, 25.20.-x, 29.25.Pj, 29.27.Hj, 29.40.Mc, 67.30.ep
An important window for the study of QCD is through
the investigation of the structure and particularly the
spin structure of the nucleon and few-body nuclei. There-
fore sum rules involving the spin structure of the nucleon
or nuclei are nowadays at the forefront of intensive experi-
mental and theoretical efforts. Among spin sum rules, the
GDH sum rule [1] is particularly interesting. This sum
rule relates the energy-weighted difference of the spin-
dependent total photo-absorption cross sections σP (σA)
for target spin and beam helicity parallel (antiparallel) to
static properties of the target nucleon/nucleus, i.e. the
anomalous magnetic moment and the mass, as follows:
IGDH =
∫ ∞
νthr
(σP − σA)
dν
ν
=
4π2e2
M2
κ2I, (1)
where ν is the photon energy, νthr is the pion
production/photodisintegration threshold on the nu-
cleon/nucleus, κ is the anomalous magnetic moment, M
is the mass and I is the spin of the nucleon/nucleus.
There have been worldwide efforts in testing the GDH
sum rule on proton and neutron [2, 3]. More recently, ex-
perimental investigations of the GDH sum rule on nuclei
such as the deuteron [4–6] and 3He [7–10] have begun.
The determination of the GDH sum rule on 3He at
the energy region between the two-body photodisinte-
gration (∼5.5 MeV) and the pion production threshold
(∼140 MeV) is particularly interesting for a number of
reasons. This energy region has an important contribu-
tion to the overall sum rule [8, 11] and it is a region
where one can test state-of-the-art three–body calcula-
tions. The experimental determination of the GDH inte-
gral on 3He can also test to what extent a polarized 3He
target is an effective polarized neutron target. A polar-
ized 3He target is commonly used as a polarized neutron
target to extract the electromagnetic form factors [12–14]
and the spin structure functions [15] of the neutron since
the nuclear spin of 3He is carried mostly by the unpaired
neutron. To acquire information about the neutron us-
ing a polarized 3He target, nuclear corrections relying on
three–body calculations need to be used, but first they
must be validated by experiments.
The GDH integral below pion threshold can be esti-
mated based on three–body calculations which are per-
formed mainly through the machinery of Faddeev [17]
and Alt-Grassberger-Sandhas equations (AGS) [18] and
have been carried out for both two-body and three–
body photodisintegration of 3He with double polariza-
tions. These calculations [19, 20] use a variety of nucleon-
nucleon (NN) potentials like Argonne V18 (AV18) [21]
or CD Bonn [22, 23] and three-nucleon forces (3NFs) like
Urbana IX (UIX) [24] or CD Bonn + ∆ [19], with the
latter yielding an effective 3NF through the ∆-isobar ex-
citation. The plateau value that both sets of calcula-
tions [19, 20] predict for the GDH integral of 3He be-
2low pion threshold is ∼140 µb [8]. This part equals the
sum of the contributions from the three–body ∼170 µb
(∼130 µb) and the two-body ∼-30 µb (∼10 µb) compo-
nents based on the calculations of Ref. [19] (Ref. [20]).
The first experiment [7, 8] on the three–body photo-
disintegration of 3He using a longitudinally polarized 3He
target and a circularly polarized γ-ray beam took place
at the HIγS facility [25] of TUNL at the incident photon
energies of 12.8 and 14.7 MeV. The AGS calculations [19]
including single-baryon and meson-exchange electromag-
netic currents (MEC), relativistic single-nucleon charge
corrections (RC) [19] and the proton-proton Coulomb
force using the method of screening and renormaliza-
tion [19], provided a good description of the results.
To investigate further whether such an agreement con-
tinues as one goes to higher energy and resolve the dis-
crepancy between the past unpolarized cross section mea-
surements above 15 MeV as it was shown in Ref. [7], a
new measurement of ~3He(~γ, n)pp was performed at the
incident photon energy of 16.5 MeV and it is reported in
this Letter. As in the previous experiment [7, 8], a nearly
mono-energetic, ∼100% circularly-polarized pulsed γ-ray
beam was used. The beam was collimated using a 12 mm
diameter collimator resulting in on-target intensities of
(7.3-9.5)×107γ/s and an energy spread of ∆ν/ν ≤5.0%.
A 10.6 cm long C6D6 cell was placed in the beam down-
stream of the target and two BC501A liquid scintillator
neutron detectors were mounted at a scattering angle of
90 ◦ degrees to detect the neutrons from deuteron pho-
todisintegration. The on-target intensity of the beam
was determined using the well-known d(γ,n)p cross sec-
tion [26].
Upstream of the flux monitor, the polarized γ-beam
was incident on a polarized 3He cell. The 3He and N2
reference cells used for background subtraction were the
same as in the previous experiment [7, 8]. Details con-
cerning their technical characteristics and the spin ex-
change optical pumping technique used to polarize the
3He target can be found in Refs. [7, 8, 27–29]. The spin
of the 3He target was flipped every 15 m in order to
extract the spin dependent cross sections and the GDH
integrand, (σP − σA)/ν. The polarization was measured
using the nuclear magnetic resonance-adiabatic fast pas-
sage [30] technique calibrated by electron paramagnetic
resonance [31]. The latter can measure the absolute 3He
target polarization, Pt which was found to be between
33% and 37%.
An array of sixteen liquid scintillator BC-501A coun-
ters was used to detect the neutrons from the ~3He(~γ, n)pp
reaction. The detectors were placed at the horizontal
plane every 15 ◦, symmetrically on each side of the beam,
at laboratory scattering angles from 30 ◦ to 165 ◦. No de-
tectors were placed at the laboratory angles 60 ◦ and 120 ◦
due to the proximity to a pair of Helmholtz coils which
provided the holding field for the polarized 3He target.
Three quantities were recorded for each event: the
pulse height (PH), the time-of-flight (TOF) and the pulse
shape discrimination (PSD) signals. Initially, a PH cut
was applied at 0.162 MeVee to set the detector efficiency.
The correlations between the PSD, PH and TOF were
utilized to extract the neutron events and to remove the
γ-ray events and two-dimensional cuts were applied on
these histograms. The same cuts were used for the data
taken with the N2 reference cell to subtract the back-
ground contributions. The outgoing neutron energy was
determined using the measured TOF of the neutrons as-
suming they were emitted from the center of the 3He tar-
get cell. The neutron detection efficiency varied rapidly
as a function of neutron energy below 2.0 MeV. There-
fore, we report cross sections only for neutrons with ki-
netic energies above 2.0 MeV. More details about this
analysis can be found in Refs. [7, 8].
The measured neutron background-subtracted yields
(3He neutron events/Nγ) at the i
th energy bin for target
spin parallel/anti-parallel to the helicity of the beam were
calculated as Y
P/A
i,m = Y
P/A,3He
i − Y
N2
i , where Y
P/A,3He
i
and Y N2i were the yields of reactions on
3He and N2 cells.
Their linear combination led to the yields for parallel
and antiparallel spin-helicity states Y
P/A
i =
1
2
(Y Pi,m(1 ±
1
PtPb
)+Y Ai,m(1∓
1
PtPb
)), where Pb is the beam polarization.
The double-differential cross sections were defined as
d3σP/A
dΩdEn
=
Y
P/A
i
∆Ω∆ENtε
syst
i
, (2)
where ∆Ω is the solid angle from the target to the neu-
tron detector, ∆E, is the width of the neutron energy
bin, Nt is the
3He target thickness determined to be
(8.3±0.3)×1021 atoms/cm2 and εsysti is the system ef-
ficiency accounting for both the intrinsic efficiency of the
neutron detector and the neutron multiple scattering ef-
fect calculated at the ith energy bin using a GEANT4 [32]
simulation of the experiment.
Two types of systematic uncertainties were identified:
the bin-dependent and the overall normalization uncer-
tainties. The former were asymmetric and arose from
the PH cuts on the neutron spectra. The latter were bin-
independent, symmetric and the major contributors from
most to least important were: δPb (5%), δPt (4.2%), δNγ
(4.2%) (for which the main contribution was from the
deuteron photodisintegration cross section uncertainty
(3.0%) [26]), δNt (4.0%), δε
syst
i (2.8%) [33, 34] and δ∆Ω
(2%).
The spin-dependent double differential cross sections
for the extended target obtained at an incident photon
energy of 16.5 MeV for both spin-helicity states as a
function of neutron energy (En) are shown in Fig. 1.
The solid and dashed curves are the GEANT4 simula-
tion results using the calculations based on Ref. [19] and
Ref. [20], respectively. The band in each panel shows the
overall systematic uncertainties combined in quadrature.
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FIG. 1: (Color online) Spin-dependent double-differential cross sections for the extended target for both parallel (two top rows)
and antiparallel (two bottom rows) spin states as a function of the neutron energy, En, at ν=16.5 MeV. The solid-blue curve is
the calculation based on Ref. [19] including CD Bonn + ∆-isobar + RC + MEC + Coulomb force while the dashed-black curve
is from Ref. [20] including AV18 + UIX + MEC. The neutron energy bin width is 0.5 MeV. The band shows the combined
systematic uncertainties.
Although the magnitudes of the double-differential cross
sections are overall larger in the parallel than those in
the antiparallel spin-state, the distributions are not well
described by either of these calculations. An excess of
neutron events was observed close to the end-point ener-
gies at laboratory scattering angles of 30 ◦, 45 ◦, 150 ◦ and
165 ◦ due to large backgrounds. These energy bins were
removed and their contribution to the overall strength of
the distributions which was found to be ∼ 1% for both
spin-states and all scattering angles, was added heuristi-
cally based on the theory.
Iterative Monte Carlo simulations using GEANT4 were
carried out in order to correct the spin-dependent double
differential cross section distributions for finite-geometry
effects. The resulting distributions were integrated over
the neutron energy to extract the single differential cross
sections. The unmeasured part of the distributions for
En <2 MeV was added based on the theoretical distribu-
tions including the Coulomb interaction which were nor-
malized to the magnitude of the first valid neutron bin
(2.0-2.5 MeV) for both states and all angles. Legendre
polynomials up to the 4th order were used to fit the sin-
gle differential cross sections distributions for both states.
To achieve the fit with the highest statistical signifigance,
the single differential cross section points corresponding
to the angle of 105 ◦ were removed. The χ2/(degrees of
freedom) for the fit at the parallel (anti-parallel) state
was found to be 1.01 (1.39). The fitting curves were inte-
grated over the angle to extract the spin-dependent total
cross sections and the value of the GDH integrand. More
details about this analysis can be found in Refs. [7, 8].
Table I summarizes the spin-dependent total cross sec-
tions and the contribution from the three–body photodis-
integration to the 3He GDH integrand together with the
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FIG. 2: (Color online) The GDH integrand results compared
with the theoretical predictions of Ref. [19] (solid-blue curve)
and Ref. [20] (dashed-black curve). The inner error bars of the
data points represent the statistical uncertainties while the
outer include both the statistical and systematic uncertainties
added in quadruture.
predictions based on the models presented in Ref. [19]
and Ref. [20]. Differences between the measured spin-
dependent total cross sections and the calculated values
are found at the incident photon energy of 16.5 MeV.
This is in contrast to a very good agreement observed
between the previous measurements [7, 8] and the cal-
culations based on Ref. [19] at 12.8 and 14.7 MeV. The
measured GDH integrand at 16.5 MeV was found to be
slightly more than one standard deviation larger than
the maximum calculated value based on Ref. [19]. Fig. 2
shows the contributions of the three–body photodisin-
tegration of 3He to the GDH integrand together with
the theoretical predictions based on Refs. [19, 20] as a
function of the incident photon energy. To investigate
whether the larger than expected GDH integrand value
at 16.5 MeV is due to statistics, future measurements at
higher energies are needed. The outcome of these mea-
surements will have important implications for the GDH
integral of 3He below the pion threshold.
TABLE I: Total cross sections, σP and σA and the GDH
integrand, (σP −σA)/ν, with statistical uncertainties followed
by systematics, compared with theoretical predictions.
❅
❅
σP (µb) σA(µb) (σP − σA)/ν (fm3)
Experiment 933(12)(100) 764(12)(91) 0.201(0.021)(0.016)
Ref. [19] 1077 935 0.169
Ref. [20] 1099 979 0.143
The unpolarized cross section was extracted as the av-
erage of the spin-dependent cross sections and was found
to be equal to 849±9±100 µb. Fig. 3 shows all unpolar-
ized total cross sections data up to 30 MeV compared to
the total cross section calculations from Ref. [19] (solid
curve) and Ref. [20] (dashed curve). A general agree-
ment between the two calculations and the experimental
data can be observed for incident photon energy below 15
MeV. A serious discrepancy can be seen between different
sets of data above 15 MeV while our result agrees with
the measurements of Refs. [36, 37] and the most recent
data of Ref. [40] which favor smaller total cross section
above 15 MeV. In order to resolve this discrepancy and to
further quantify the three–body contribution to the GDH
integral, measurements above 16.5 MeV for this channel
are necessary. These measurements combined with the
recently acquired data from the two-body photodisinte-
gration channel [8] will constrain the contribution to the
GDH integral for 3He below the pion threshold.
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FIG. 3: (Color online) All currently available total cross sec-
tion data for the 3He(γ, n)pp reaction up to 30 MeV: Refs. [7]
and data presented for first time in this letter (filled circles),
Ref. [35] (open circles), Ref. [36] (open squares), Ref. [37] (di-
amonds), Ref. [38] (open upward triangles), Ref. [39] (open
crosses), Ref. [40] (filled squares), Ref. [41] (filled upward tri-
angles), Ref. [42] (filled donward triangle) in comparison to
the calculations from Refs. [19] (solid curve) and Refs. [20]
(dashed curve). In the insert, the data by our collaboration
are shown and compared with the theories. The older mea-
surements [35–37, 39] are presented with the statistical uncer-
tainties while the newer data points [7, 40–42] include both
the statistical and systematic errors added in quadruture.
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